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Extremely high quasilinear diffusion rates for energetic beam ions can be deduced from mode
conversion experiments in the Tokamak Fusion Test Re&€frR) [K. M. McGuire, H. Adler, P.

Alling et al, Phys. Plasma®(6), 2176(1995]. A comparison of the experimental loss rates with the
theoretical prediction for the interaction of energetic ions with mode converted ion Bernstein waves
showed the theory to underpredict the diffusion coefficient by a factor of 30—70. An anomalously
high diffusion coefficient might enhance the advantageous channeling of energetic alpha particle
energy in a tokamak reactor. Resolving this discrepancy is thus of importance from the standpoint
of practical interest in an improved tokamak reactor as well as from the standpoint of academic
interest in basic wave—particle theory. A mechanism is proposed for this accelerated diffusion
involving the excitation of a contained mode, possibly similar to that used in explaining thedCE
cyclotron emission phenomenon, near the edge of a tokamak. 2@0 American Institute of
Physics[S1070-664X00)03107-4

I. INTRODUCTION power requirements of alpha channeling in any future reac-

_ . _ tor; however, any reactor-scale extrapolations of course re-

During mode converted ion Bernstein WaWC'BWi quire a thorough understanding of the loss enhancement
experiments in the Tokamak Fusion Test Rea€ldfTR), mechanism.

substantial evidence of interaction of IBWs with fast par- Elucidating the physical mechanism for such a diffusion

. 4 .
ticles was observei.* These experiments also presented any,pancement poses a distinctly mysterious conundrum in the
opportunity for experimentally gauging the prospects of aI'field of wave—particle interactions. Whereas the case of

pha channeling in a fusion reactotn the alpha channeling anomalously weak diffusion might be generally explained on

process, one or a spectrum of waves is utilized to diffusefhe basis of poor wave coupling to the plasma or a host of
quasilinearly the highly energetic alpha particles produced as

a byproduct of deuterium—tritiurDT) fusion reactions si- other inefficiencies, the case of anomalously strong interac-

multaneously in both energy and positiif. the energy so tion requires the introduction of some new effect which ei-

transfered from the alpha particles to the imposed wave fiel(g?fefr "?‘mp"f'es the Iwavded_fl_eld or otheré\{ljse accellerate_s the
damps on the fuel ion population, the double benefit of ex- ffiusion process. In addition, any candidate explanation Is

tracting the alpha particle “ash” from the reactor as well as,challenged to match the four dimensional signature of the

“channeling” the extracted energy to fuel ion heating would 92ta (in energy, pitch angle, poloidal angle, and tinre-

be achieved. Since the IBW is both highly dispergiaed so ~ corded by the lost alpha detectors. Indeed, fully plausible
may resonate with a possibly broad distribution of alpha par_explanatlons are difficult to find. The central result of this
ticles and has been shown to damp on ions in slightly deuPaper is that, among several potential mechanisms for diffu-
terium rich DT plasma8; this wave would be an excellent Sion enhancement, only one is both plausible and not incon-
tool for the channeling proce&s. sistent with experimental observations.

In the TFTR MCIBW experiments, energetic deuterium In the context of mode conversion processes in plasmas,
beam ions could be imagined as surrogates for the alphgome attention has recently been focused on the resonant
particles in interacting with the IBWalbeit that the beam cavity or global eigenmode aspect of ion cyclotron frequency
ions were being heated as opposed to copledhile wall-  waves in tokamaks. In one case, the precise standing wave
mounted charged particle scintillation detectors—built to depattern resulting from the reflection of a launched fast wave
tect fusion alpha particles—measured the loss rates and disFW) between the low and high field side cold plasma cut-
tribution of the ejected beam ion%!* A theoretical study of  offs of a tokamak has been shown to influence mode conver-
the wave—particle interaction reproduced in some detail thgjon efficiency to an IBW? Other work has studied the
general power scaling and distributigin poloidal angle, growth of eigenmodes near the tokamak edge as a mecha-
velocity space pitch angle, and energy lost beam ions as nism for the enhancement of edge ion cyclotron emission
a function of time. However, the absolute magnitude of the(|CE).14—l6
losses was seriously underpredictédn the surface, this Along similar lines, a mechanism is proposed here by
appears to bode well for the potential radio-frequeidy  \yhich the excitation of a global-type eigenmode oscillation
to high amplitude and its subsequent interaction with a popu-
dElectronic mail: dclark@pppl.gov lation of energetic particles might explain the unexpectedly
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large ion losses observed in TFTR. While an exact treatment43 MHz. Since the plasma was composed of‘Be, and
of the behavior of the plasma and its geometry requires &arying fractions of°He, and was heated with D neutral
numerical implementation, a simplified, analytically tractablepeams, the potential energetic lost species included DD fu-
model for a region of the tokamak plasma behaving as &ion tritons, protons, ofHe ions; DHe fusion protons or
resonant cavity is used to demonstrate that the generation gfpha particles; accelerated D beam ions; or rf-induced tail
high amplitude localized wave fields is possible for typicalions from the bulk plasma distributiod&!?
experimental parameters. From this field amplitude, an esti-  The fact that the magnitude of the total ion losses de-
mate is made of the resulting quasilinear diffusion coefficienppended sensitively on the magnetic field strength and on the
which indicates it to be on the order of that inferred from the3He fraction in the plasméboth of which determine the lo-
experimental data. The distribution in poloidal angle and vecation of the MC layersuggested that the losses were indeed
locity of losses induced by such an eigenmode are also disnduced by the MCIBW. The distribution in gyroradius of
cussed. the lost particlegbeing both broader and peaked at a higher
The goal of this work is to show that there exists anvalue than would be expected for first orbit CFP logdes
explanation for the anomalously large diffusion coefficientther implied that the lost ions were being heated due to wave
that is plausible. What we have not done is to formulate anteraction. The failure to detect any magnetic signature of
detailed model on the basis of this plausible explanationan energetic tail distribution rendered unlikely the bulk spe-
Such a model would be valuable; through a detailed comcies being the source of lost ions, leaving only CFP and
parison with the experimental results, it could put to rest allheam ions as possibilities. Comparison of shots in which no
questions concerning the physics at play in the unusual obheutral beams were present, shots in which T beams were
servations on TFTR. Such a model and comparison are betilized in place of D beams, and shots with alternately co-
yond the scope of the work. However, the sole plausibleor counter-injected D beams revealed that the presence of
explanation which we are left with—namely the postulatedcounter-going D beam ions was necessary for the observa-
existence of a high amplitude contained mode—is quite retion of significant losses. Since CFP losses would have been
markable, and should serve as an impetus for further studyebserved irrespective of the beam type or direction, the lost
The organization of this paper is as follows: Section Il species was confirmed to be D beam ions. The added char-
contains a review of the IBW and fast ion experiments inacteristics of the persistence of the fast ion losses throughout
TFTR. Section Ill describes the conundrum posed by thean rf pulse lasting much longer than the beam-induced neu-
observed fast ion diffusion rate. Section 1V discusses severafon rate(to which CFP losses should be correlatadd that
candidate explanations for this diffusion enhancement. Seghe abundance of D beam ions should be a factor &’
tions V and VI summarize example eigenmode theories degreater than that of any CFP are further corroborations that

veloped by Monakhoet al!® and Coppiet al* Section VIl the losses are indeed heated beam i8r2.
describes the eigenmode model proposed for explaining the

observed IBW-fast ion interaction in TFTR. Section VI

gives a numerical estimate of the diffusion rates implied by

this mode. Section IX discusses other implications of the'”' THE DIFFUSION RATE CONUNDRUM

presence of this mode. Section X considers possible implica-  \yith confirmation of the identity of the lost species, data
tions of ;uch a mode for alpha channeling, and Sec. Xl offerg,m counter-going “beam-blip” experiments with varying
concluding remarks. rf power levels were studied to investigate the loss rate’s

dependence on IBW intensity. Specifically, an energy diffu-
Il. TFTR D-BEAM EXPERIMENTS sion coefficient ofD,=25 MeV?/s was inferred for the lost
_ _ beam deuteron¥. A theoretical estimate of this diffusion
The results of theHe MCIBW experiments in TFTR

o . ) ) coefficient was made by Herrmann under the assumption that
were initially reported in Ref. 10 and interpreted in Ref. 12'ions diffuse quasilinearly in the presence of the IB¥Con-

In investigating these lost particle signals, the identificationsidering the rapid variation of the poloidal projection of the
of the loss mechanism first requires identification of the 0S{g\n/ \vave vector to be the dominant contributer to the au-
species: a charged fusion produ@FpP), an accelerated tocorrelation time of the diffusion process, a stationary phase

beam iop, ora species of th? bgckground .plasma. The IO%‘ialculation of the deuteron energy step due to interaction
alpha scintillation detectors distributed poloidally below the, ... e 1B W yields a coefficient of

outboard midplane of TFTRhe expected intersection point
for an exiting fusion alpha particle with the reactor wall (|A€l?)

yielded information on the poloidal distribution of the lost &= Th
species, its velocity-space pitch angle, and its gyroradius.

However, no information was provided on the mass or 1 2.2 270?

Henti : =—(Z]e|Do(rgc)) In(kLp) :
charge(and hence identifyof the lost ion. Other character- Th 9 o
istic dependencies of the loss rate were then enlisted for this JB ﬁ(kIIU\\“L n{p)
identification. The experiments which witnessed significant
losses were characterized by the parame®@s:4.8 T, 1, @

=14MA, ng(0)=5x10°m™3% nz /n=0.15, T¢(0)  Hered, is the IBW electrostatic potential,is the magnetic
=7keV, Pyp=0-10MW, Py;=3-5MW, and f coordinates’ Jacobiam is the harmonic number of the in-
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teraction, and the bounce time between resonances for a pg¥int its variations and fluctuations on the IBW field and are
ticle orbiting on a flux surface is approximately additionally traveling toroidally through a sequence of reso-
nance points, it seems very improbable that phase correla-
tions could be sustained through as many as 30 wave—
For a typical TFTR mode conversion experiment wRly  particle resonances. Further, even if the long-range
=2MW, B{=5.0T, and nz /n.=0.15 1D (one- correlation of several fast ion—-IBW interactions were
dimensional ray tracing of the IBW yielded the parameters deemed plausible, this condition alone would not necessarily
(for a 250 keV deuteron with a pitch angle f=—0.63 at guarantee enhanced particle diffusion. The added condition
the MC layej that the nearby fast ion phase portrait be free of diffusion-
impeding Kolmogorov—Arnold—Moser surfaces would also
have to be satisfied. In the case(idbf, the wave intensity has

T,=qR/v,.

=10"% s, wt,s=20,

J%(klp)zo_l(averaging overk, p), been verified with both ray tracing and a full-wave code.
Despite the calculated value for the electric field intensity
®,=0.3 statvolt, still being only approximately correct, any error is unlikely
_ to be large enough to account for the discrepancip inof
Ae=0.5 keV, : .
o S more than an order of magnitude. Similarly far), an error
so that the diffusion coefficient is roughly in the estimated resonance time by a fa¢te) sufficient to
D.~0.025 Me\¥/s yield a factor of 30-70 error iD, seems unlikely. With

. o elimination of these other possibilities, the excitation of an
a value orders of magnitude below that implied by the data. internal eigenmodéiv) remains as the most plausible, if re-
Herrmann confirmed this result through a numericalmarkable, mechanism for diffusion enhancement. Two ex-

simulation of the quasilinear diffusion of beam ions by IBWs gmples of such internal eigenmodes are described in the fol-
(including the effects of collisions and a realistic magneticiowing two sections.

geometry: While the distribution in pitch angle and poloidal
angle of the predicted losses and the general scaling of the
loss rate with rf power appeared to be accurate over th¥- GLOBAL EIGENMODES IN MCIBW THEORY

range ofP;=1.5-3.5MW, the magnitude of the loss rate  \1ponakhovet al’® employed a resonant cavity perspec-
was under-predicted by a factor of 30—7GGrounded in the iye in discussing the importance of standing wave effects in
well established mechanisms of quasilinear diffusion and raYand a resonant cavity perspective for interpretiftCIBW
tracing of the IBW and further approximately reproducing experiments in Tore Supra and other large tokamaks. For the
the four-dimensional distribution of losses, this much morgg,nch of a FW from the low field side of a tokamak, the
accurate investigation served only to underscore the perpleXqode conversion layer has traditionally been described in
ing nature of the dis_crepancy in loss magnitude. Expl_ar_latior&md plasma wave theory by using the Budden model in
of the anomalous diffusion then requires some unanticipate@{hich asymptotic wave solutions are matched to a cutoff-
mechanl_sm by which the diffusive effect of the wave field is esonance doubleénfz L andnfz S, respectively in the no-
substantially enhanced. tation of StiX’) or a cutoff-resonance-cutoff tripfét (now
including thenfz R high field side density cutoff By add-
ing to this model the low field side density cutdilso at
nf=R) and recognizing the possibility for a low field inci-
dent wave to reflect from both the high and low field cutoffs
As discussed by HerrmartAonly four candidate expla- in the limit of weak damping, a standing wave pattern can be
nations for this enhanced diffusion seem reasondbléhat  seen to form between these cutoffs across the tokamak minor
the interaction of fast ions with the IBW could display long- cross section.
range correlations and become an effectively super-diffusive  Developed for the study of ion cyclotron emission, the
process(ii) that the magnitude of the electric field intensity 1D full-wave VICE code solves the Vlasov—Maxwell system
in the interaction region could have been underestimated anaf equations for a currentless slab plasma with a Hamiltonian
with it the diffusion coefficient(iii) that an error in the ray action-angle formulation for particle orbits and wave—
tracing of the IBW could have lead to an underestimation ofparticle interactions® Though neglecting 2D (two-
the resonance time of a particle with the wave and hence alimensionagl effects, the code is accurate to third order in the
the diffusion coefficient analogous td), or (iv) that an in- ion Larmor radius and permits solutions on meshes suffi-
ternal eigenmode of the plasma was excited to high amplieiently fine to resolve an IBW in a large tokamak. Using
tude resulting in an enhanced quasilinear diffusion coeffiVICE, Monakhovet al. explored the properties of the toka-
cient. Noting that with the correlation af interactions of mak resonant cavity in the form of wave quality factor and
energy stepde occurring at time incrementAt the energy wave energy density as a function of the location of the
diffusion coefficient is enhanced according t®, mode conversion layer, etc. The mode conversion efficiency
—(nAg)?/(nAt)=nD,, (i) seems unlikely as a diffusion to an IBW was optimized by simultaneously aligning an an-
enhancement by a factor of 30—70 would require the corretinode of the global wave field pattern with the mode con-
lation of an equal number of interactions. Since the particlesersion layer and by locating the conversion layer suffi-
are orbiting in an inhomogeneous plasma which would im-ciently far from any cyclotron layers. Alternately, the mode

IV. POTENTIAL MECHANISMS FOR DIFFUSION
ENHANCEMENT
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conversion efficiency is minimized by arranging the conver-For selected eigenfrequenciésorresponding to the condi-
sion layer to coincide with a node of the standing wave fieldtion thats be an integer quantum harmonic oscillator-type
Wave quality factors 0Q~500 and energy density amplifi- solutions satisfying the boundary conditi&@{*)=0 are
cations factors for the trapped FW of100 were found un- found

der ideal conditions for this “plasma cavity®

- Eo [r—ro (r—rg)?
E(r)_ﬁHs(T)eX;{_T , (6)
VI. THEORY OF CONTAINED MODES whereHjg is the sth Hermite polynomial. Neglecting thig,
=n/R, contribution toV(r,w) and assuming a parabolic
Coppi et al}*'®and Gorelenkoet al® have explained 0 (r@) gap

density profilen=ny(1—r?/a?)", the localization radius and

the enhanceq raglatlon at harmomcs of the_ edge lon CyCIOr'adial Gaussian width of these eigenmode oscillations to
tron frequencies in tokamaki®n cyclotron emission or ICE lowest order in the small paramet&ra are

as a result of the formation of contained modes on the out-
board edge of the device: In the cylindrical limit for a cold r(z)
plasma, the plasma wave equatiBiK VX E=(w?/c?)e-E 2 1+0
may be reduced to a single equation for the poloidal electric

field E, A2 1 [
255\ o o 0%
19 0 16 1 & n(r) a® mV2(1+v)
T’ §+ r2 ﬁJr R_(Z) 07752+ C_i Ny E,=0, (2 For.t_he case of a finite in_verse aspect radjo the mode is
i additionally localized poloidally on the outboard midplane of
with c, the Alfven speed on axishy the on axis plasma the tokamak with a Gaussian width
density, anch(r) the radially varying density profile. By the

AZ
~2(25+1) 7,

usual Fourieransatz E(r,6)=E(r)expi(mé—ne), Eq. (2) ,7223 2 1 _
may be rewritten in terms of an effective potential ro V2s+1 €0
19 9 ~ The excitation of such a contained eigenmode by energetic
(F 07—rr E—V(r,w) E=0, (3 nuclei at an edge cyclotron frequency is believed to explain

observed ICE spectra.
where A more accurate expression for the mode localization
radiusr(m,v) (as will be needed belowmay be obtained

2 n? w?n(r) b N - - . -
V(I w)=—5+ —5— — —. y considering the equation from which this minimum is
r~ Rs Cax No calculated

Physically, for certain values aof, m w, andc,, the pertur- m2 w? 1 re\ vt

bationE , can be trapped in the potential wl(r,w) formed 0=V'(rg)=-2 =+ 2VC—2 ;( 3

by the densityor local Alfven velocity) dependence of and 0 A

the k3=m?/r? contribution toVXxV x. ) Introducing the normalized quantities=rj/a®> and y
Expanding about the minimum of this effective potential =a?w?/c3, the transformed equation

atr=ry 2

2 v—1_
z°(1-z =—
( ) V 1

and introducing the local variable mode widthA, radial  may be solved iteratively to any desired accuracy by defining
mode numbes, and scaled field amplitud&(x) according the function

V=V(ro)+3V"(ro)(r—ro)?, (4)

to
= iE f(z)= m (1—-z)t 2,
E(x)=rE(r), \/V—y
_ Beginning from the approximatiorn=1/(1+ v), then
X= X(r ro)s
V(rg)=— AZ
Notably, Eq.(7) is seen to be exact for the cage 1, while
2 for the typical casen/\vy<1
V(rO)_P, |f’ | 1-v m 1 —1+v/2 <1
2)|,- =|———=(1-z2 v ,
the amplitude equatiofEq. (3)] may be cast in the conve- (@)le=1r140 2 Vy( ) )

nient form of a parabolic cylinder equation

d2E
Ercl

implying the convergence of the iteration. The mode wilth
5) may be found by substituting the abowg into the expres-
sion

1 2
sty y|E=0
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A=[2N"(ro)]¥4, ) .

with the know form ofV”(r).

The eigenmodes described by Monakheval. and
Coppi et al. differ in crucial respects relating to quasilinear
diffusion. The eigenmodes of Monakhat al. are princi-
pally global modes of the FW in contrast to the highly local-
ized and distinct contained eigenmodes of Cogpial.
Though Monakhovet al. demonstrate that standing-wave r=0 7
modes of large amplitude may be excited, the large wave-
lengths typifying these modes-(\ry) will likely not violate FIG. 1. Piece-wise approximate contained mode potential.
the conservation of a particle’s magnetic momanand so
these modes would not induce diffusion in perpendicular en-
ergy. The high poloidal mode numbers typical of the modes . 2
of Coppi et al., however, could lead to violation g con- —k(2)+ —, 0<r<r,
servation and hence energy diffusion. In light of these char- '
acteristics, we evaluate the realizability of what appears to be
the most probable scenario for diffusion enhancement:
Namely that, during at least some of the TFTR MCIBW m2
experiments, localized eigenmodes of the type described by r—2+k2, a<r<b
Coppi et al. (excited by a passing FW or the FW antenna .

itself) were driven to high amplitude resulting in significant with
increases in energetic particle losses above expectations for o
fm S
—+ —.
ra A2
Here, a is the radius of the plasma arndthe radius of the

simple IBW-induced diffusion. K
(assumed perfectly conducting vacuum vessel. This ap-
proximate potential with the division of the plasma and the
vacuum regions each into two subregiofsplitting the
acuum domain according to>r, andr<r, with r, the
ocation of the antennds shown in Fig. 1.
Since the injected waves are evanescent in the vacuum

2
Jo-n) 2541
—4,01-—2_

A A

(
'
(
'
|
|
'
'
'
'
|
|
'
|
|
'
|
|
'
(
|
'
(
|
'

a

|
|
o

2s+1  (r—rg)?
ViN={ ~ =5zt —xa

r,<r<a, (8)

0

VII. AMODEL FOR CONTAINED MODE EXCITATION

To simulate the case of a driven contained mode of th
type described by6) but with a now arbitrary driving fre-

uency(i.e., s not an integey, the solution domain would . . . :
d y( 98 Jfegion for typical choices ofi, the vacuum solution can be

naturally be extended from the single domain for the case X . o .
) y o 9 o ~written in terms of the modified Bessel functions andK,
eigenmodes within the plasma to two domains: a domain .
. . . .when the constark is chosen to be real
representing the vacuum region outside of the plasma in

which a driving antenna would be located and a domain n2 2
representing the plasma itself. In the plasma regid@, k= Eg— s

would be solved as above but for the more general case of

nonintegers and that solution subsequently matched to theThe two independent solutions for arbitrgnoninteger sin
inhomogeneous solution of the vacuum wave equation in théhe parabolic region of the potential—generalizing from the
neighborhood of the antenna. However, the expanglpof previous integrak Hermite function solutions—are

the confining potential is valid only for a narrow domain

about the localization radiug, (the only region in which the yi(X)=,F;
eigenmode solution takes on nonzero valwes not into the

core of the plasma near=0 (where the driven solution may 1-s 3 %2 2
be of significant amplitude Therefore, the domain repre- yZ(X)ExlFl(T’E; 3) ex;{ — _),
senting the plasma is further divided into two subdomains:
One aboutr=r0 in which the parabolic approximation of where ;F; is the confluent hypergeometriéKummer)
V(r) is valid and one in which then?/r? term dominates the functior?® and as above(r)=v2(r —r,)/A. Solutions in the
potential with the dielectric contribution being approxi- four domains can then be directly written as

mately constant. The undetermined constant in the approxi-

mate form ofV(r) for the inner domain is adjusted to insure E1(r)=adm(ker),

continuity of V(r) at the boundary between inner and outer

regions, chosen arbitrarily to be at the locatior=r,—A. Ez(r):ﬁyl(x(r)H Wz(X(r)),

The approximate form of the potential is then Jr

S
—3

Downloaded 17 Jan 2006 to 192.55.106.171. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2928 Phys. Plasmas, Vol. 7, No. 7, July 2000 D. S. Clark and N. J. Fisch

dmwrg L(m)l L (kry) andE;(0)=0 or E;(0)=0 for m even or odd.
Es(N=—cx )+ o [H(ra)—(b)] The tedious but straightforward algebra of matching to-
a . . .
gether these separate solutions according to the given bound-
X[Km(kr) 46l y(kr) ], ary conditions yields values for the multiplying constants
4 wr
Eq(r)= 7:‘2’ &) (M) (Kr ) [K(KE) — b(0)1 (kD) ] YK ya(x(r) .
_ . Vr1dm(kor 1)
With an antenna current of the for@,=i6l(m)ds(r—r,),
the boundary conditions linking the four domains are JaA d(@a)+ o
= , 10
Ei(ry) —Ex(r1) =Ex(a)—Ez(@)=0, A yi(x(@))+ yya(x(a)) ¢(ry)+46 (19
Eary)—Ba(r) =Ex(@)~E5(a) =0, YA D))F (koAIV2)(Q(r1) + (120 ))ya(X(r 1))
Es(ra) —Ea(ra) =Es(b)=0, 7 (koAV2) (Q(ry) + (12 )Yo(X(r)) —Y3(x(rp)
£ £ _ 4w | (12)
3(fa) ~By(ra) ==~z 1(m), with the auxiliary quantities

4dmwr,
A= i (M) p(ra) — p(b) ]I m(kra)lm(Ka),
_ kim(ka) y1(x(2))+ yya(x(a))
K Im(ka) (V2/A)yi(x(a))—(1/2a)yi(x(a))+ y((V2IA)y,(x(a)) —(1/2a)y,(x(a))) '
(@) $(a) UKk Kp(kn) 3ot
==, =7 =T G T e

The salient features of this solution are shown by theas a function ofv for representative mode numbers in the
different plotted modes in Fig. 2. Noting that for a typical range of realistic peakedness of €.4<1.0 for these dis-
TFTR MCIBW experiment, the toroidal antenna current den-charges. Prominent resonances are seenmar20 in the
sity is approximately ~ 1.0 amp/cm(assuming nearly all of neighborhoods of=0.4 and 0.75.
the power to be in the dominant toroidal modefields of
~1.0 statvolt/cm or larger are possible. VIIl. QUASILINEAR DIFFUSION IN A CONTAINED

The mode amplitude in the localization region increasesviODE
with decreasingn andm (corresponding to the deepening of
the confining potentialand varies sharply with the density
peakedness parameterAs reflected in Eq(10) for the field
amplitude in region 2, the conditiog(r ,) + 6=0 represents
a resonance for the driven contained mode. Figure 3 shws

With these values for the electric field amplification, an
estimate may be made of a quasilinear diffusion coefficient.
Like IBW-induced diffusion, a particle drifting on a flux sur-
face is imagined to enter the wave localization region once
every bounce timer,, receive an energy incremeat, and
so diffuse according t®,=(|A&|?)/ 7, . Experimentally, the
majority of detected losses were witnessed at the passing-

[
AN
/

FIG. 2. Contained mode amplitudes in units of statvolt/cm for a current

density of 1.0 amp/cm on the antenna withr, v) = (— 36, 10, 0.75)(dot- FIG. 3. B plotted as a function of the density peakedness paramefiar
ted), (—36, 10, 0.5 (dashegl (—18, 10, 0.7% (dot—dasheyd and(—18, 10, (n,m)=(—36, 15) (dotted, (—36, 10 (dashegl (—22, 19 (dot—dashed
0.5 (solid). and(—22, 10 (solid).
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trapped boundary of velocity space suggesting that the pri- 2

mary loss mechanism is the conversion of a passing particle W=z (S(g.c.) = Qt+na)

to an unconfined trapped particle by the wave field. A similar So-to

mechanism is _enV|S|oned_ for the case cons!dered here, zv(g.c.)~V(k”vH+(nt1)Q)|SO,t '

whereby a passing beam ion would resonate with the wave 0

field at some point in the poloidal plane until being con-and the resonant pha§g and timet, are defined by

verted to a trapped particle and promptly lost. From the ex-

ampl_es plot_ted in Fig. 2, it is seen that, unIiI§e the narroyvly O:g(S(g.C.)iQt-Fna)

localized eigenmodes of the ICE mechanism, the driven dt

eigenmodes extend across an appreciable segment of the mi-

nor radius. Such spreading makes possible the resonant in-  =V(g.C.)-VS—o+(n=1)Qg .

teraction and subsequent diffusion of a beam ion near the . . ) )

plasma core with the edge of the excited wave field. The' his Ia_st cond!uon effectively selects the harmonic number

condition for resonance overlap,= (0.2)kv, wherew, is ~ ©f the interaction. , o _

the particle bounce frequency in the wave field adis the A stralghtforward calculation for a particle circulating

spacing in phase velocity between adjacent mggdsjs ~ ©n @ flux surface yields

also approximately satisfied for high amplitude modes of this kHUZ

type and makes valid the quasilinear diffusion mechanism. W, >W_=
As in the electrostatic case of IBW-induced diffusion,

the energy increment given to the particle by the electromagso that, on averaging ov&;, andt, or equivalentlyS(g.c.)

netic wave may be calculated as and «, Eq. (12) with Egs.(13) and(14) gives

So+to

As=Z|e|f dtv-E. (12) (|As|2>:WL(Z|e|vLEO)2J§(p|VS|)
Describing the particle’s gyro-orbit b aqRy
gmep o Y =2m 1 (ZlelEg) Tk, p).

p=|p|[(8xb)cosQt+bx (&xb)sinOt],
Taking 7,=qRy /v, and utilizing values for a representative

p=Qbxp, counter-going 100 keV D beam ion which resonates with the
o . (n,m)=(—18,10) mode neap=1.8 rad in a plasma with
and the impinging wave field by v=0.4,
E=EoeexpiS+c.c., k;=0.08 cm?, k, =0.3 cm?,

SEfXdX’~k(X’)—wt, p=1.1 cm, v=3.1x10° cm/s, A=-0.5,
Eo=1.0 statvolt/cm,

the approximations oé-VS=0 andb-&=0 for an electro- then finally
magnetic FW then yield

. R . A
v-E=p-(EqéexpiS+c.c). (13) D8:2w:—k(Z|e| Eo)232(k, p)~100 MeVZs,  (15)
ORI

Expanding the wave phase as on the order of the experimentally inferred value of 25
S=S(g.c.)+p-VS=S(g.c.)+p|VSsina, MeV?s1° Though this example can be taken to imply no
more than the order of magnitude of possible diffusion rates
in contained modegaddressing only a single particle of a
expi (S Qt)=expi(S(g.c.) = Q) given pitch and energy interac'ting with a s.ingle wave fqr an
approximate value of), a plausible mechanism for diffusion

so that

” ) enhancement is nonetheless identified. It should also be
X _230 Jn(p|VS)expine, noted that due to the extent of the mode in the poloidal angle
0, it is possible for the particle resonance conditidg.
a stationary phase calculation yields (18)] to continue to be satisfied as particles diffuse frem
. =100keV to 2 MeV by the variation in the local gyro-
f dtexpi(S(g.c.) = Qt+ina) frequency from the inbpard_ to the outboard side of the toka—
—o mak. From the effective inverse squared resonance time
W_, it may also be shown that the particle rotates no more
. 2m i than a few degrees poloidally while in resonance with the
~/i —expi(S(g.c.)=Qt+na)| (14) grees poloidally whil \ )
W St wave (7,> 7,9 This condition justifies the straight-orbit ap-
0 proximation and the treatment of the diffusion process as a
where local phenomenon independent of the spatial extent and am-
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plitude variation of the wave field, so long as the particlelarge transverse wave numbler attained by the IBW as it
satisfies the resonance condition within the wave region. propagated from the MC layer coupled with the large aspect
ratio expression fok; ,

n Ky .
IX. DISCUSSION K= R—0+EOEsm 6,

Many aspects of the fast ion losses observed duringnade possible a sign changekipfrom the launched<0
TFTR MCIBW experiments had been explained in the con-for certain poloidal angles. With a positivek,, the wave—
text of IBW physics, particularly the distribution of losses in particle resonance condition
energy, pitch-angle, and poloidal angle. While a contained K= w—nO (18)
mode has been shown to be a potential explanation for the '°!~ ¢ D
fast ion loss rate, its presence could conceivably be inconsisould be satisfied by co-going(>0) deuterons near the
tent with other aspects of the observed losses. Clearly, if MC layer (w—{5>0) resulting in their ejection. The high
contained mode is to be a plausible theory, it must be showpoloidal mode numbers typical of a contained mode, how-
to agree with these other loss characteristic. ever, also permit components of the mode spectrum to flip

Firstly, note that the diffusion paths of fast ions throughthe sign of thek; and interactions with co-going particles to
the (e, u,P4) constants-of-motion space in a tokamak wouldbe observed. It should be recalled that since for low energy
be identical for interaction with an electrostatic IBW or with particlesP ,x—,, Eq. (16) requires a particle to interact
an electromagnetic FW, namely governed by the relations with a wave ofn<<0 if it is to be both heatedde>0) and

dp N ejected @P,<0). In the case of the “beam-blip” experi-

¢ i i -0oi -
e (16) ments in which only counter-going lossas €0) were de
de o tected, the more negative wave toroidal mode number used
in these IBW heating caséa=—36—43 as opposed to the
(17) n=—23-25 typical of MCCD experimenjsprecludes the
flipping of k; for a contained mode just as for an IBW. Thus,
whereP , is the particle’s canonical angular momentum, the observation of wave—particle resonance with strictly
its magnetic moment its energy, and the cyclotron har- counter-going ions comports with the existence of a con-
monic number for the interaction. Since the diffusion pathstained mode.
are identical for these two scenarios, the only distinguishing ~ Similarly, what was seen as a sensitive dependence of
effect on the loss characteristi@s., where in the constants- the loss rate on the location of the IBW MC layer via varia-
of-motion space a particle crosses a loss boundaguld  tions in By and the®He concentration may alternatively be
result from the different wave fields interacting with fast ionsinterpreted as variations in the parameters governing the con-
in different regions of the constants-of-motion space, so thatained mode amplitude. Since both of these quantities deter-
particles effectively “begin” diffusing at different locations mine the local Alfven speed, a rapid passage through reso-
in that space. Noting that the dominant contribution to thenance of a contained mode due to varying plasma
population of lost particles is from counter-going beam ionsparameters, as suggested by Fig. 3, could potentially result in
crossing the passing-trapped boundary to be promptly losthe factor of 10 increase in losses observed with the increase
the configuration of ¢, u,P ,)-space is such that the particle of the 3He fraction from 0.15 to 0.20. In contrast, numerical
population interacting with a contained mode would likely simulations of IBW—-beam ion interaction demonstrated at
lead only to a potentially larger number of particles beingmost a factor of 4 increase in losses with a step of 0.05 in the
lost and at slightly larger poloidal anglésloser to the inner 3He fraction—and then only in progressing from concentra-
midplane than the analogous population for interaction with tions of 0.10—-0.15. Noting that the amplitude of a contained
the MCIBW at the same energy and pitch-angle. A realistiomode is an extremely sensitive function of the density profile
numerical simulation is required to verify the impact of FW- shape and Alfve speed, for a fixed FW frequency, a particu-
induced diffusion on the lost particle distribution. Nonethe-lar contained modén, m might go rapidly in or out of
less, because of Eq&l6) and(17), it appears plausible that resonance due to very slight variations of the plasma profile
the distribution of losses in energy, pitch-angle, and poloidabr magnetic field. Indeed, in many of the experiments in
angle for FW interaction would be at least similar to thosewhich MCCD and IBW heating were explored, a contained
seen from numerical simulations of interaction with an IBW mode may never have been excited to significant amplitude
which themselves were in approximate agreement with exsuch that the interpretation of these experiments is not
perimental observations. changed.

Other features of the TFTR MCIBW experiments which
had previously begn regarded as characteristic pf the IBVY(_ IMPLICATIONS FOR ALPHA CHANNELING
can also be explained in the context of a contained mode.

Particularly, the co-going deuteron beam losses observed For alpha channeling to be effective in any future reac-
during mode converted current driv®ICCD) experiments  tor, a significant fraction of an alpha particle’s energy must
and used to infer the “flipping” of the sign of the IBW’k; be extracted in less than the collisional slowing-down tirpe
are similarly consistent with the existence of a containedf the particle on electrons. Making the reasonable assump-
mode. Initially it had been interpreted that the extremelytion that the same diffusion coefficient governs both particle

du  Z|eln
ds B mDC(l)’
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heating and cooling and utilizing the parameters from Secdamping. The outstanding question of whether a contained
1l for estimating such a coefficient for an IBW, the effective mode wave field could access a comparable number of beam
channeling requirement oD,=(3.5MeV)?/7, with 74 ions in a region of the plasma distinct from the location of
=0.1s then implies the only marginally feasible reactorthe IBW and so with its enhanced diffusion coefficient real-
power requirement dP ;=100 MW. The experimentally ob- istically generate the enhanced losses observed is likewise
served loss enhancement then suggests a requiremént of only approachable numerically. The trajectory of a beam ion
<100 MW, one of the necessary if not sufficient require-diffusing from 100 keV fully to 2 MeV by interacting with a
ments for alpha power channeling. complete spectrum of wavédgeot only the single wave con-
However, if the modes discussed above are responsibk&dered in the above estimate Bf) could only be followed
for the loss enhancement and an attempt is then made twy such a technique. Consideration of similar experiments in
apply them in a channeling scenario, there are several cavether tokamaks with plasm@and hence mode localizatipn
ats which must be recognized. The question of the intersecrolumes of varying sizes could also be illuminating. The
tion of the region in which the modes achieve significantcase of a loss enhancement by a factor-aD due to varying
amplitude with the orbits of energetic particles must firstly concentrations ofHe is a potent example of the sensitivity
be accurately resolved. In a reactor-sized plasma much largef such a mode to experimental conditions.
than that of TFTR, it may be that an edge contained mode is Despite these inaccuracies, a driven contained mode re-
well removed from any energetic particles confined in themains the most plausible mechanism for the observed diffu-
core making such modes ineffective for particle diffusion.sion enhancement. In particular, none of the characteristics
The tailoring of the excitation of such modes effectively to of the distribution of losses clearly contradicts the possibility
cool as well as extract alpha particles from the plasma is af a contained mode mechanism, while no other candidate
further challenge. In the case of the TFTR IBW experimentsmechanism appears as fully to explain the observations. The
only the heating of particles was suggested; the capability oéxistence of such high amplitude modes would clearly be a
such a quasilinear diffusion process for particle cooling mustemarkable addition to the already diverse phenomenology
be convincingly established. Finally, it must be evaluatedof tokamak plasmas.
whether the alpha particle power extracted relative to the
power requirements in driving such modes could make for an
energetically efficient channeling scheme. ACKNOWLEDGMENTS
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